The bidirectional self-assembly of tobacco mosaic virus (TMV, common or Ul strain) has been studied extensively in vitro. Foreign single-stranded RNA molecules containing the TMV origin-of-assembly sequence (OAS,432 nt in length) are also packaged by TMV coat protein (CP) in vitro to form helical pseudovirus particles. To study virus assembly in vivo requires an easily manipulated model system, independent of replication in plants. The TMV assembly machinery also provides a convenient means to protect and recover chimeric gene transcripts of almost any length or sequence for a variety of applications. Native TMV CP expressed in and purified from Escherichia coli formed nonhelical, stacked aggregates after dialysis into pH 5 buffer and was inactive for in vitro assembly with TMV RNA. U1 CP derivatives in which the second amino acid was changed from Ser to Ala or Pro, nonacetylated N termini found in two natural strains of the virus, failed to remediate these anomalous properties. However, in vivo coexpression of CP and singlestranded RNAs (up to =2 kb) containing the TMV OAS gave high yields of helical pseudovirus particles of the predicted length (up to 7.4 ± 1.4 jpg/mg of total bacterial protein). If the OAS-containing RNA was first recruited into bacterial polyribosomes, elongation of pseudovirus assembly was blocked. In vivo, E. coli expression of a full-length cDNA clone of the TMV genome (6.4 kb) resulted in high, immunodetectable levels of CP and assembly of sufficient intact genomic RNA to initiate systemic infection of susceptible tobacco plants.
432 nt in length) are also packaged by TMV coat protein (CP) in vitro to form helical pseudovirus particles. To study virus assembly in vivo requires an easily manipulated model system, independent of replication in plants. The TMV assembly machinery also provides a convenient means to protect and recover chimeric gene transcripts of almost any length or sequence for a variety of applications. Native TMV CP expressed in and purified from Escherichia coli formed nonhelical, stacked aggregates after dialysis into pH 5 buffer and was inactive for in vitro assembly with TMV RNA. U1 CP derivatives in which the second amino acid was changed from Ser to Ala or Pro, nonacetylated N termini found in two natural strains of the virus, failed to remediate these anomalous properties. However, in vivo coexpression of CP and singlestranded RNAs (up to =2 kb) containing the TMV OAS gave high yields of helical pseudovirus particles of the predicted length (up to 7.4 ± 1.4 jpg/mg of total bacterial protein). If the OAS-containing RNA was first recruited into bacterial polyribosomes, elongation of pseudovirus assembly was blocked. In vivo, E. coli expression of a full-length cDNA clone of the TMV genome (6.4 kb) resulted in high, immunodetectable levels of CP and assembly of sufficient intact genomic RNA to initiate systemic infection of susceptible tobacco plants.
Tobacco mosaic virus (TMV) particles are extremely stable and retain infectivity for decades. Over 2100 copies of a 17.6-kDa coat protein (CP) fully protect the 6.4-kb singlestranded RNA (ssRNA) genome against degradation by RNases. TMV was the model system of choice for early studies on the spontaneous "self-assembly" of multimeric, biological structures in vitro (1) (2) (3) . TMV assembly is initiated by a specific interaction between a prefabricated (20 S) protein aggregate (the "disk" or protohelix) and an RNA sequence centered either 0.4 kb or 0.9 kb from the 3' end of the genomic RNA (4) . An origin-of-assembly sequence (OAS) was characterized (5) and proposed to exist as three stem-loop structures, before the complete 6395-nt genome of the common (or Ul) strain of TMV had been sequenced (6) . The structures ofthe prefabricated, oligomeric forms ofTMV CP used for efficient assembly initiation and/or bidirectional elongation, and the precise assembly pathway (i.e., which CP form is used in which RNA direction, and whether simultaneously or sequentially) remain controversial (7) (8) (9) , and the data continue to evade a consensus model (10) . Two simple protocols exist to isolate CP from virions for subsequent encapsidation of ssRNA in vitro (11, 12) .
In addition to native TMV RNA, or 3' coterminal nested genome fragments, TMV CP was shown to package chimeric ssRNAs efficiently (13, 14) in a length-and sequenceindependent manner, provided that a contiguous viral sequence of only 432 nt (genome coordinates 5112-5543) was present. This can occur in vitro (13) (14) (15) or in vivo in transgenic tobacco plants (16) . Only the 3' proximal stemloop, loop 1 in ref. 5 , of the extended OAS (genome coordinates 5444-5518) was found necessary and sufficient to initiate nucleocapsid assembly in vitro (17) . Significantly, only ssRNA, not ssDNA (18) , can be packaged by TMV CP.
The exceptional stability of TMV or TMV-like particles to proteases and RNases can be exploited to recover, store, and protect otherwise labile mRNA molecules to deliver them into plant or animal cells (19) for subsequent cotranslational disassembly (20) . To study the molecular mechanism of plant virus assembly in vivo requires an easily and rapidly manipulated model system. Whole plant infection is a complex, slow, and asynchronous process. Nonviable virus mutants can be created (and lost) for reasons other than inefficient particle assembly in vivo.
A synthetic TMV U1 CP gene with a lacUVS promoter and codons "optimized" for Escherichia coli was used to express native CP or a derivative carrying an additional C-terminal spacer (Gly-Gly) and an 8-amino acid epitope from poliovirus 3 VP1 (21). CPs were purified from sonicated bacterial cell supernatants by dialysis at pH 5.0 to induce helical aggregation (12) . The resulting particles were shorter than with plant-derived TMV CP and had a striated or stacked cylindrical appearance. More recently, Shire et al. (22) expressed TMV U1 CP in E. coli from a trp promoter. CP was purified from cleared cell lysates by chromatography and dialysis (precipitation) at pH 3.5. The N-terminal N-formyl-Met had been removed, but the penultimate N-terminal Ser was not acetylated, unlike plant-encoded TMV CP. This feature, or the added positive charge, disrupted formation of helical CP aggregates and the 20S assembly nucleation species (7) (8) (9) (10) and created assembly-incompetent CP when incubated with TMV RNA in vitro (22, 23) . In our study, two point mutants of the U1 CP sequence were created to change the mature N terminus to Ala or Pro, which exist without acetylation in the NM and U2 strains of TMV, respectively (24) .
Recently, several groups have reported high-level expression ofCPs from a variety ofplant RNA viruses in both E. coli and yeast cells (25) (26) (27) 42 tTo whom reprint requests should be addressed.
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particle "self-assembly" in vivo, in a prokaryotic system that is economical, homogeneous, and easily manipulated and offers a rapid means by which to study plant virus assembly events in a cellular milieu.
MATERIALS AND METHODS Virus Propagation, TMV RNA and CP Preparation, and in Vitro Self-Assembly Reactions. TMV Ul strain was grown in Nicotiana tabacum cv. Xanthi and purified from leaves (28) . Viral RNA was extracted with phenol/chloroform, precipitated with ethanol, dissolved and stored in sterile water at -1960C. Viral CP was prepared (12) and stored at 40C in sodium acetate (pH 5.0) (I = 0.1) at 10-20 mg/ml. In vitro ribonucleocapsid assembly was performed as described (12) using the A310 turbidometric criteria of Zimmern (5).
Plasmid Constructs. DNA manipulations were standard (29) . Construction details for pET3a-derived plasmids pET301, pET302, pETAla301, and pETPro301 and for pLysE-derived plasmids pLys1O2 [ (12) . Any precipitate remaining was removed (1000 x g, 10 min, 40C) and polymerized TMV CP in the supernatant was recovered by ultracentrifugation (130,000 x g, 90 min, 40C). Dialysis and differential centrifugation were repeated several times until only one protein band (17.5 kDa) was seen by SDS/PAGE. CPs were stored in sodium acetate (pH 5.0) for electron microscopy (EM) or prepared for in vitro assembly reactions (5, 12) with virusderived TMV RNA.
Isolation of TMV-Like Particles from E. coli. E. coli BL21 (DE3) were cotransformed with plasmids expressing either TMV CP or a reporter-OAS RNA (Fig. 1) . Cultures (100 ml) were grown at 370C for 4 hr, induced with 0.4 or 2 mM IPTG, and then grown for 6 or 18 hr at 200C. Cells were harvested by centrifugation (6000 x g, 4TC, 15 min), resuspended in 1 ml of TE, and incubated with lysozyme (1 mg/ml) at 200C for 5-10 min. Bacteria were lysed by osmotic shock [1 vol 40%o (wt/vol) sucrose, then 4 vol ofTE buffer]. DNase I was added to 5 Mg/ml. Standard Triton X-100 lysis procedures (29) caused nonspecific disassembly of exogenous TMV (control reconstruction) and in vivo assembled virus-like particles (data not shown). Cell debris was removed (10,000 x g, 40C, 20 min) and the supernatant was centrifuged (130,000 x g, 4 hr, 4°C) in a sucrose gradient [10- (12, 21) resulted in large, insoluble precipitates, particularly with the Ser -* Pro CP derivative. An extraction protocol involving (NH4)2SO4 fractionation and low pH dialysis was optimized. SDS/PAGE showed that little CP was lost in the cell debris removed after sonication or lysozyme/ osmotic lysis procedures and no detectable proteolytic degradation of the 17.6-kDa CP, as occurs when bacteria contaminate virus-derived TMV CP preparations, resulting in irreversible polymerization (38) . In all cases, TMV CP or derivatives were purified to homogeneity as judged by SDS/ PAGE and silver staining (not shown) and stored in pH 5 buffer. In contrast to virus-derived TMV CP (Fig. 3a) , EM revealed that all E. coli-made CP, including both N-terminal derivatives, failed to form long helices but existed as heterodisperse populations of striated, stacked disk-like rods (Fig.  3 b-f) . Similar structures were reported previously for TMV and Johnsongrass mosaic potyvirus CPs made in and purified from E. coli or yeast cells (21-23, 26, 27) . The nonhelical nature of these CP-only assemblies was confirmed by their failure (Fig. 4a) to bind mAb TMV-253P specific for an epitope (neotope) present only in correctly assembled TMV CP helices (Fig. 4b ) or in virions (35) . None of the E. coli-made TMV CPs showed significant TMV RNA packaging activity in vitro in a turbidometric assembly assay (refs. 5 and 12; data not shown).
In Vivo Assembly of TMV-Like Particles. Two plasmids provided ssRNA species to test for pseudovirus particle assembly in vivo (Fig. 1 ). pLyslO2 produces a 1.6-kb CAT-OAS transcript constitutively. pLyslO32A contained an IPTGinducible cassette expressing GUS-OAS RNA (2.8 kb).
Coexpression of CAT-OAS RNA with native TMV CP (pET301 or pET302; not shown) or the N-terminal Ala derivative of TMV CP (pETAla301) resulted in helical ribonucleoprotein rodlets (Fig. SA b and c) fled pseudovirus particles, and primer pairs specific for the TMV OAS region (0.43 kbp) or the CAT-coding region (0.78 kbp), confirmed the predicted composition of the nucleocapsids (Fig. SC, lanes 1, 2, 4, and 5) .
Expression of pETAla301 alone resulted in few, if any, helical particles and none of significant length (Fig. 5Aa) . In vivo, the Pro derivative (pETPro301), alone or with CAT-OAS RNA, produced only striated, stacked CP assemblies of variable length (as seen in vitro; Fig. 3e ).
DAS ELISA results on the yield of CAT-OAS pseudovirus particles (with TMV-253P) and the total amount of TMV CP (with alkaline phosphatase-conjugated, polyclonal IgG against TMV) are summarized in Table 1 . In contrast to the 2-fold increase in TMV CP expression estimated for pET302 in Fig. 2 , the averaged ELISA data showed 6 times more TMV CP produced by the E. coli codon-optimized CP gene and, consequently, a 5-fold rise in CAT-OAS pseudovirus particles.
In all cases, only about 20%o ofthe expressed CP assembled into CAT pseudovirus particles. In TMV-infected plants, the level of unassembled CP is low (=5-10% of total CP). In the absence of CAT-OAS transcripts, all DAS ELISA values with TMV-253P were low, confirming the absence of endogenous E. coli RNA in helical particles (Fig. 5Aa) .
Rboones (70 S) Block GUS-OAS RNA Ammbly in Vivo. GUS-OAS RNA (2.8 kb) was predicted to form 130-nm-long pseudovirus particles when coexpressed with TMV CP. In vitro, GUS-OAS transcripts assemble efficiently and completely with virus-derived TMV CP (15) . However, in E. coli, ISEM (Fig. SA d-f) showed only partially assembled rodlets between 30 and 60 nm in length (i.e., 640-1280 nt encapsidated). After RNase treatment, the protected RNA was phenol-extracted and shown, by RT-PCR, to contain the OAS domain, but not the GUS portion of the chimeric RNA. Closer examination revealed that most, if not all, GUS-OAS pseudovirus particles had one or more ribosome-like com- Fig.  5A d-f . The uncapped, free 5' end of the chimeric CAA leader-GUS-OAS RNA recruits 30S ribosomal subunit(s) and assembles active translocating 70S ribosome(s). Subsequent transcription of the contiguous TMV OAS initiates encapsidation in the presence of prefabricated 20S TMV CP (pETAla301) aggregates. During RNA packaging in the major 3' --5' direction, the free 5' tail must pass through the lumen of the growing helix to form the "traveling loop" at the concave (5') face of the particle. Eventually this process is sterically blocked by the advancing ribosome.
plexes associated with the convex end of the rodlet, where the 3' terminus of TMV RNA finally resides (39) . During virus assembly in the major 3' --5' direction, the 5' end of the RNA also protrudes from the lumen of the nucleocapsid at the convex end (8-10). Fig. 6 provides a model for the architecture of the complexes shown in Fig. SA Assembly of FuHl-Length Infectious TMV Particles inE. coli. E. coli BL21 (DE3) pLysS cells were transformed with pTMV212. IPTG induced TMV CP expression equivalent to that from pET302 (60 pg/ml culture), confirmning earlier results from in vitro translations of full-length TMV RNA in E. coli cell-free extracts (41) . The identity of the induced protein was confirmed by Western blotting (not shown). ISEM of pTMV212-transformed bacterial extracts also revealed low numbers of TMV-like particles of variable length. After storage, this material initiated systemic TMV infections in two of three independent experiments on susceptible cultivars of N. tabacum but had insufficient titer to produce local lesions on hypersensitive tobacco plants. Control reconstruction experiments in which TMV, or TMV RNA extracted from virions, was added to lysates of E. coli BL21 (DE3) cells, processed as for pTMV212-transformed cell extracts, either did (TMV) or did not (TMV RNA) cause plant infection. In E. coli, pTMV212 transcripts will be uncapped and have two nonviral 5' G residues and an undefined 3' end. Nevertheless, some .6.4-kb RNA molecules from pTMV212 must have been processed or fragmented and encapsidated correctly to survive and initiate plant infection.
